We present a new calculation of the semileptonic tree-level and FCNC form factors describing B-meson transitions to tensor mesons T = D * 2 , K * 2 , a 2 , f 2 (J P = 2 + ).
I. INTRODUCTION
B-meson decays represent a promising area for checking the gauge structure of the Standard Model (SM), looking for physics beyond it, as well as precise determination of the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
Interest to the B meson decays increases considerably after a number of measurements that deviates from the respective Standard Model predictions. These results are observed in two types of decays:
(1) Decays due to the flavor-changing neutral currents (FCNCs): b → sµ + µ − . Discrepancies with the SM predictions are obtained in several observables in B → K * µ + µ − [1] [2] [3] [4] [5] and B → φµ + µ − [6, 7] as well as in the measurements of R K(K * ) = B(B →
e + e − ) [6, 8] .
(2) The charged current b → clν transitions that take place at tree-level in SM. Tension between theory predictions and experimental data has been observed in the ratios R D ( * ) = B(B → D ( * ) τν τ )/B(B → D ( * ) ν ) ( = e, µ) [9] [10] [11] as well as R Jψ = B(B c → J/ψτν τ )/B(B c → J/ψµν µ ) [12] .
If these results are confirmed by the forthcoming experiments, it will be unambiguous discovery of existence of new physics (NP).
With respect to these experimental observations one expect that if NP exists at the quarklevel b → c transition, then such discrepancies should also be seen in B-meson transitions to tensor mesons in addition to B decays to pseudo-scalar or vector-mesons 1 .
In regard to seek for NP effects, the B-meson decays to tensor mesons have the following advantage: tensor mesons have additional polarizations compared to the vector mesons and therefore this could provide additional kinematical quantities that are sensitive to the existence of NP. As a result, B-meson decays to tensor mesons could provide a complementary platform to search for new helicity structures, that deviate from the SM ones.
The main ingredients of B → T transitions are the relevant form factors. In this work, the form factors of B → T transitions are calculated within the light-cone QCD sum rules [14, 15] (for reviews see e.g. [16] ) using B-meson Light-Cone Distribution Amplitudes (LCDAs). The B-meson Light-Cone QCD Sum Rules (LCSRs) have successfully been applied to calculate e.g. B → P, V [17, 18] , B → S [19] or B → ππ form factors [20] . The authors of Ref. [21] have very recently employed this method to calculate the complete set of the form factors for B → P, V transitions, including new higher twist terms. Beside, authors of Ref. [22] estimated the B → V transition form factors using the same method at next-to-leading-order in QCD with a soft-collinear effective theory handling.
It should be noted that the B → T (J P = 2 + ) form factors have previously been calculated by several groups using various methods [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . For example, the B → f 2 (1270) form factors have recently been calculated in [26] within the LCSRs framework using the f 2 (1270)
meson DAs. Also, for the light tensor meson final states B → f 2 , a 2 , K transitions for the first time.
We should further mention that the tensor isosinglet final state f 2 (1270) considered in this study, in principle, possesses a mixing pattern with the other isosinglet tensor meson of the same quantum numbers f 2 (1525) in the form f 2 ≡ 1 √ 2 (uū + dd) cos δ + ss sin δ , f 2 ≡ −ss cos δ + 1
where the mixing angle δ has been found to be small indicating that f 2 could be considered nearly as a pure
(uū+dd) state (∼ 98.2%) while f 2 is nearly a pure ss state (for details, see
Refs. [39] and [40] ). We will therefore assume no mixing between f 2 with f 2 when studying the B → f 2 form factors in this paper (see e.g. [23, 26] for similar assumptions in regard to analyses of B → f 2 form factors).
The outline of our paper is as follows. In Sec. II, the LCSRs for the relevant form factors are derived. Sec. III is devoted to the numerical analysis of the sum rules obtained in Sec. II.
In Sec. IV, we study the phenomenological implications of our form factor results on the radiative B → K * 2 γ and semileptonic B → D * 2 ν , B → K * 2 + − decays within the context of SM. Sec. V contains a summary of our findings. Last, in Appendix A we collect the two-particle DAs of the B-meson and in Appendix B we present analytical expressions for the coefficient functions needed for the determination of the relevant form factors.
II. THEORETICAL FRAMEWORK AND ANALYTICAL RESULTS FOR THE FORM FACTORS
In general, the B → T transitions, where
The unphysical singularities of the matrix elements defined in Eq. (3) at q 2 = 0 are removed byÃ
Besides, one has the following identity using algebraic relations between σ µν and σ µν γ 5 :
Our starting point is the correlation function
of two quark currents j
, where h v denotes the HQET field instead of a b-quark. The spin structures of Γ 1,2 together with various choices of quark flavors q 1 and q 2 for the form factors extracted in this paper are given in Table I. The interpolating current for tensor mesons (with valence quark content q 1q2 ) is, in general, given by
where
. When regard to two-particle contributions, which we are interested in this work, it suffices to take the first terms in the covariant derivatives, because the second terms involving the fields A ν (x) will only contribute to three-particle effects 3 .
The higher Fock state contributions to the correlation function arise when expanding the position-space virtual-quark q 1 propagator in x 2 near the light-cone x 2 0. In the present work, we focus on the two-particle contributions, while higher Fock state contributions are beyond our current scope. We summarize the two-particle Operator-Product-Expansion (OPE) contributions as
3 In a recent comprehensive work with B-LCDAs [21] for B → P, V transitions it has been shown that compared to two-particle contributions, the relative impact of the three-particle contributions to the form-factors is only at percent level or less (for details see [21] ). The same conclusion was also drawn e.g.
in Ref. [29] for B → T transitions. We therefore feel safe to neglect such effects in the present analysis.
Transition j µν int j ρ weak where p = k − l, and l describes the momentum of the spectator quark inside the B-meson with α,β being spinor indices. In Eq. (11), the B-meson to vacuum matrix elements are non-perturbative objects which are expressed in terms of B-meson LCDAs, whose explicit definitions are relegated to Appendix A.
Form factor
The hadronic correlator Π µνρ reads:
The decay constant f T is defined via 4 :
The spin sum for the tensor mesons is given by:
The form-factors are extracted by matching independent Lorentz structures appearing in both correlators Π µνρ OPE (q, k) and Π µνρ had (q, k). For the particular choice of the weak currents as in Table I , the correlator Π µνρ OPE (q, k) can be split as:
where the ellipsis stand for terms involving other Lorentz structures. The extraction of the B → T form factors is then achieved as follows:
•Ṽ : we considered terms with Lorentz-structure µραβ q ν q β k α in Eq. (15).
•Ã 1 : we considered terms with Lorentz-structure q ν g µρ in Eq. (15).
•Ã 2 : we considered terms with Lorentz-structure k ρ q µ q ν in Eq. (15).
• (Ã 3 −Ã 0 ): in this case, the form factorsÃ 0 ,Ã 2 andÃ 3 possess some common Lorentz structures. Hence, we define a combined term asÃ 023 =Ã
, and then extractÃ 023 by considering terms with Lorentz-structure q ρ q µ q ν in Eq. (15).
•T 1 : we considered terms with Lorentz-structure µραβ q ν q β k α in Eq. (16).
•T 2 andT 3 : in this case, the form factorsT 2 andT 3 possess some common Lorentz structures. We, therefore, define the combination termsT 23A ,T 23B as in Eq. (22) 
The choice of these structures is dictated by the fact that they contain contributions coming purely from tensor mesons.
Following the formulation introduced in Ref. [21] , we write down the sum rule for all the B → T form factors in a form of a master-formula 5 as:
In Eq. (17), χ = √ 2 (χ = 1) for the light unflavored states f 
. I(σ) .
Using the first relation in Eq. (18) one obtains
where s 0 is an effective threshold parameter to be determined and supplied as an input.
The two-particle LCDAs appear in the definitions of the functions I (F ) n [21] :
5 Our results in this work provide additional ingredients to the master-formula introduced in Ref. [21] to also include the B → T form factors at the same twist accuracy of the B-LCDAs. are then simply obtained using
Further, we give our results for generic final state tensor meson T (q 1q2 ), where q 1 = c, s, u
The analytical results presented in this work for C At this stage, a remark on our form factor results is in order. We compared our analytical results related to the two-particle contributions at the leading-twist limit to those of Ref. [29] .
We observe the followings: first, we see that the surface-term contributions 7 given in Eq. (17) of our paper have not been taken into account in the work of [29] . Nonetheless, when we still compare our analytical results to [29] , after also dropping the mentioned surface-term effects in our results, we then reproduce the analytical results for their form factors called
Next, forÃ 2 of Ref. [29] we reproduce their results for φ + terms, while for theφ terms we have a disagreement. Last, for the T 2 form factor of Ref. [29] we have a complete disagreement. The disagreement in T 2 form factor of Ref. [29] is particularly interesting because while in our case the conditionT
(as required by equation-of-motion conditions), the analytical results given in Eqs. 20-21 of
Ref. [29] (arXiv v6) for these two form factors seem not to satisfy this condition. 6 The theoretical approach presented in this work together with our form factor results are generic and can also be readily applied to other tensor mesons with J P = 2 + by making obvious replacements. 7 Surface-terms arise after performing continuum subtraction. We observed and stress that the numerical impact of the surface terms on the form factor results could be sizable. In this section we collect the input parameters used in our numerical estimates. We use up-to-date input parameters.
The meson masses entering our numerics are quoted from the latest PDG averages [41] : Based on these discussions, we determined the following working regions for s 0 and M 2 for the considered transitions:
We stress that the validity windows given in Eq. (25) respect the conventional sum-rules requirements 8 .
In Fig. 1 
whereF (0), a and b are the fit parameters constrained and presented in Table III for each final state transition. The uncertainties in the values of the form factors of Table III are due to the variation of various input parameters involved in the LCSR calculation.
In particular, the non-perturbative parameters λ B , λ 2 H , λ 2 E of B-LCDAs together with the continuum threshold s 0 are mostly responsible for these errors.
In order to estimate the uncertainties of the results presented in this work, such as the form factors, decay rates etc., we followed a Monte Carlo based analysis as performed e.g. in Refs. [49, 50] . For this analysis, randomly selected data sets of thousand data points are generated for any input parameter and its given uncertainty. This led us to determine the mean and the corresponding standard deviations of our results. 9 For instance, the upper q 2 limit in the case of semi-leptonic decays is q 
D. Illustrations
The q 2 dependence of the complete set of B → T form factors is depicted in Figs. 2,3,4 and 5. In these plots, comparing the leading-twist central results (empty red-circles) with the corresponding new results including twist-four terms (dotted-blue curves) we see that the relative impact of the calculated higher twist terms for the two-particle contributions could be sizable (in particular for light tensor meson transitions) and therefore should be included in the estimations of the form factors. The magnitude of the central values of the form factors based on the leading-twist terms, is observed to decrease due to the calculated higher twist terms.
In Table IV 
IV. PHENOMENOLOGICAL ANALYSES
In this section, using our new results for the relevant form factors we give SM predictions for some selected observables. We considered the decay channels B → D 
Belle [51] , 
where λ(a, b, c) = a 2 + b 2 + c 2 − 2ab − 2ac − 2bc is the Källén function. We presented the q 2 dependence of B → D * 2 ν form factors up to and including twist-four accuracy in Table  III . Using these results together with the input parameters G F = 1.167 × 10 −5 GeV −2 and V cb = 0.0405 [40] , we obtain the following predictions
and
The variance of our predictions from those of Ref. [25] is due to aforementioned discrepency in the estimation of the form factors (see Table IV ).
We continue with a phenomenological analysis on exclusive rare radiative decay of B meson to radially excited tensor meson K * 2 (1430). The branching ratio of this radiative mode has been measured by several experiments: 
which gives the PDG average of (1.24 ± 0.24) × 10 −5 [41] . In the SM, B → K * 2 γ decay is governed by the electromagnetic dipole operator O 7 , and its matrix elements between initial B and final K * real photon (q 2 = 0) depends only on the form factorT
and is given by [60] 
where V ij are the CKM matrix elements, α is the fine-structure constant and C 7 (m b ) is the Wilson coefficient associated with O 7 . Since the inclusive radiative decay B → X s γ is accurately measured by several experiments [61, 62] , it is more convenient 10 to consider the ratio of exclusive to inclusive branching ratios [60] 
where the world avarage of the inclusive decay is given by the Heavy Flavour Averaging
Group [55] as B(B → X s γ) = (3.32 ± 0.16) × 10 −4 , which is compatible with the theoretical estimate [63] .
We determine the experimental ratio R from Table   III we obtain our SM prediction for R SM K *
2
. They read
which are in agreement within the quoted error budget.
In Standard Model, the effective Hamiltonian governing B → K * 2 + − decay is
with O i (µ) being the effective operators and C i (µ) are the respective Wilson coefficients at the renormalization scale µ. Among the 10 operators in Eq. (37), O 7 , O 9 and O 10
are the only ones contributing to B → K * 2 + − . The related Wilson coefficients are discussed thoroughly in the literature (for details, see e.g. [64] [65] [66] and references therein). In terms of the Wilson coefficients and the form factors defined in Eqs. (2)- (5), the general expression of the differential decay width for B → K * 2 + − can be written as [67] :
, q 2 ), and the individual quantities F i read
The new input parameters entering the decay rate prediction here are taken as V tb = 0.77
−0.24 [40] , V ts = 0.0406 ± 0.0027 [40] , C 
+3.01
43
[67], (2.5
+4.30 
Our predictions are compatible with the references given within the error budget.
V. CONCLUSION
The study of semileptonic B-meson decays involving tensor mesons can provide additional information on physics beyond the Standard Model due to the rich polarization structure of the tensor mesons. In connection to that we calculated the
transition form factors within light-cone sum rules using B-meson distribution amplitudes, including the twist-four terms. We find that the calculated higher-twist terms have a notice- The two-particle momentum-space projector can be expressed in terms of B-LCDAs (up to twist-four) as
where v µ is the four-velocity of the B-meson, and ∂ µ ≡ ∂/∂l µ with l µ = ωv µ in the twoparticle case. The above momentum-space derivatives are understood to act on the hardscattering kernel of Eq. (11) . Moreover, we abbreviatē
In our numerical estimates for the form factors we follow the local duality model 11 proposed in Ref. [71] for the two-particle B-LCDAs φ + , φ − , and g + . The explicit expressions for φ + , φ − , and g + in this model are given in Eqs. 5.22-5.23 of Ref. [71] .
For g − no model expression is available yet, we therefore use the Wandzura-Wilczek (WW) approximation
In the local duality model considered in this work, Eq. (A3) explicitly yields:
where θ(x) is the heavy-side step function.
The parameters λ We collect here the (non-vanishing) coefficients appearing in Eq. (20) . 
